Abstract Using density-functional calculations, we studied the interaction between interstitial impurities (N, C) and γ-Fe(111) surfaces doped, or not, with Cr, as well as the effect of Cr doping on the dissolution corrosion resistance of the γ-Fe(111) surface. The elementary processes studied afforded microscopic insights into the formation of a Cr-depleted zone, a phenomenon that leads to local corrosion of the stainless steel surface. The aim of this work was to study, at the atomic scale, the effects of N and C on the segregation behavior of Cr and the synergetic effect between co-doped atoms on the resistance to dissolution corrosion of austenitic stainless steel surfaces. The results showed that interstitial impurities prefer to be trapped at near-surface sites, which can impact the segregation behavior of Cr such that it shifts from the surface to the subsurface. Electrode potential calculations and density of states analysis demonstrated that doping with Cr or inserting interstitial impurities into the solid solution can improve the surface corrosion resistance of an fcc Fe substrate, but detrimental effects on the surface corrosion resistance are induced by interactions between Cr and interstitial impurity atoms in co-doped surfaces. The formation of near-surface Cr carbides and nitrides (speculated to be Cr 2 N and Cr 23 C 6 due to the results obtained for particular co-doped surfaces) was also noted. The results of our theoretical calculations explain some of the experimental results observed at the atomic scale.
Introduction
Improving both corrosion and mechanical properties is an ongoing goal in the design of stainless steels. Generally, while possessing excellent ductility and fracture toughness, these steels suffer from insufficient yield and ultimate strengths. It is widely accepted that solid-solution strengthening, especially by introducing interstitial atoms such as carbon and nitrogen [1] [2] [3] [4] , can lead to a favorable combination of strength and toughness. While carbon is the element most commonly alloyed with iron in steels, it is not really appropriate for improving strength and toughness because using carbon lowers the corrosion (particularly the local corrosion) resistance of the steel. Nitrogen has been reported to be an advantageous alloying element in that it improves mechanical properties and resistance to localized corrosion [2, 5, 6] . Thus, nitrogen is commonly added to low-nickel steels to give them high strength, high toughness, and excellent resistance to pitting and crevice corrosion [7, 8] . Nitrogen alloying appeared to enhance the protection afforded by the film on an Fe-20Cr alloy [9] . However, there are also detrimental effects of N on steels.
Austenitic stainless steels (AASs), which are alloys that mainly comprise Fe, Cr, and Ni, are widely used for applications in the biomedical, marine, chemical, power, and oil sectors because of their good localized corrosion resistance. AASs form a dense and protective layer of rhombohedral Cr 2 O 3 over the alloy surface which hampers corrosive attack. When AASs are exposed to severe thermal, chemical, and/or stress conditions, however, local corrosion is also easily induced by the electrochemical potential difference between the matrix and a Cr-depleted zone adjacent to the near-surface precipitation of Cr compounds (generally Cr carbides and nitrides) [10] . It was reported that the gas nitriding of austenitic stainless steels at conventional nitriding temperatures (500-650°C) resulted in the formation of Cr nitrides, leading to deterioration in the corrosion resistance of the steels, although it also significantly improved their wear properties [3] . Nitrogen interstitial diffusion can induce decomposition in 304L ASS by destabilizing the homogeneous element distribution [11] . H.Y. Ha and H.S. Kwon [12] reported that the near-surface precipitation of lamellar Cr 2 N has a deleterious effect on pitting corrosion resistance. Although Cr-depletion phenomena at surfaces and grain/ interphase boundaries have been observed and investigated in experiments using many different methods [10, [13] [14] [15] [16] [17] [18] , few theoretical studies of the effects of such phenomena on the corrosion properties of γ-Fe surfaces have been performed [19, 20] .
In the work reported in the present paper, in order to elucidate the mechanism for the formation of Cr carbides and nitrides and thus the Cr-depleted zone, as well as the mechanism by which the protective oxide layer is abated or even destroyed (particularly in relation to N and C interstitial impurity alloying), and hence guide the design of high-strength corrosion-resistant austenitic steel, we systematically studied the interactions between interstitial N or C atoms and γ-Fe surfaces doped, or not, with Cr, as well as their effects on surface corrosion properties (i.e., dissolution corrosion) at the atomic scale. We focused on the γ-Fe(111) surface, which contains up to 13.5 % Cr and 0.8-0.9 % N or C. A dense and protective layer of Cr 2 O 3 at the γ-Fe surface is formed when the γ-Fe is doped with Cr atoms. First-principles calculations were performed to study the effects of N and C interstitials on the surface segregation behavior of Cr and on the electrode potential at the surface of the Fe-Cr alloy. Computational methods have been successfully utilized to interpret experimental results, predict properties, and even design materials [21] [22] [23] [24] [25] . We hope that the results of the present computational study can help to further our fundamental mechanistic understanding of the effects of Cr, N, and C on austenite surface corrosion at the atomic scale.
Model and method
The present calculations were carried out with the CASTEP code (Cambridge Sequential Total Energy Package) [26] , based on density-functional theory (DFT) [27, 28] . The generalized gradient approximation (GGA) via the Perdew-BurkeErnzerhof (PBE) formula [29] was used for the exchange-correlation potential. The ion-electron interaction was evaluated using ultrasoft pseudopotentials of Vanderbilt type [30] . The cutoff energy for plane-wave expansions was taken as 500 eV. Energy calculations in the first Brillouin zone were conducted using the Monkhorst-Pack scheme [31] with a [6×6×1] k-point mesh grid throughout. Geometry optimization of the structures was performed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [32] , with the following thresholds for converged structures: energy change per atom 1×10 −5 eV/atom, maximum force 0.03 eV/Å, maximum stress 0.05 GPa, and maximum displacement 1×10 −4 Å. In order to obtain a good compromise between calculation accuracy and efficiency, we used a face-centered-cubic slab consisting of a periodic array of seven Fe layers separated by a vacuum layer of 10 Å which ensured no significant interaction between the slabs, and a (2×2) lateral cell of the fcc Fe(111) surface was employed to model the system of interest (see Fig. 1 ). Of course, other Fe surfaces such as (110) and (100) are also worthy of corresponding investigations, but we chose the (111) surface because it represents the close-packed plane of γ-Fe, which is the one most likely to occur in actual surfaces. We optimized the coordinates of the top four atomic layers of the slab and the impurities, while the positions of the bottom three layers of Fe atoms were fixed at their positions in the bulk. Full relaxation of atomic positions was carried out until the force on each atom had converged to <0.03 eV/Å. This set of parameters permits a self-consistent field convergence tolerance of up to 1×10 −5 eV/atom.
In order to ensure that the calculations were reliable, the lattice parameters for bulk fcc-Fe were calculated using different functionals (a comparison with the values given in [22] is provided in Table 1 ). We found that the lattice constant (a) and bulk modulus (B) calculated using GGA-PBE were closest to those reported in [22] . Therefore, GGA-PBE was adopted in subsequent surface relaxation and energy calculations. Although the value we calculated for the lattice parameter (3.446 Å) is very close to some previously reported values (3.45 Å [22] and 3.43 Å [33] ), it is significantly different from the experimental value of 3.648 Å [34] . The difference of 0.2 Å is caused by the use of different calculation methods and parameter settings in the two studies. Also note that, given the known paramagnetism of fcc Fe, which is not easy to model within conventional DFT, we chose to model austenite with the nonmagnetic phase of fcc Fe, which leads to further deviation of the theoretical lattice parameter from the experimental value. However, all of the energies we investigated (the segregation energy, adsorption energy, and electrode potential) were relative values obtained by calculating the difference between two or more absolute energy values (all of which are less than the experimentally derived values), thereby decreasing deviations. Furthermore, the surface energy of a clean fcc Fe(111) surface was found to be 3.42 J/m 2 using our method, which is in good agreement with other theoretical values (2.83 J/m 2 [35] and 3.62 J/m 2 [36] ), indicating that our calculations are reliable.
In the present calculations, N and C were interstitially implanted into the surface while Cr was doped into the surface via substitution. There are three possible interstitial sites for N and C between neighboring layers: the upright tetrahedral gap (Te1), the reverse tetrahedral gap (Te2), and the octahedral gap (Oct) (see Fig. 1 ). For all of the Cr-doped γ-Fe(111) surfaces that were modeled by replacing Fe atoms with Cr atoms, substitution occurred according to the sequence marked 1-4 in Fig. 1a as the Cr concentration increased. Although the patterns chosen for substitution and interstitial insertion can affect the results obtained, the patterns we chose were the dominant ones, as the models we used subsequently were the most stable structures.
Results and discussion

Segregation behavior of Cr
Cr-doped surface
It is known that alloying elements may segregate from the bulk to the surface due to the different solubilities of the segregating element at the surface and in the bulk, which can considerably modify the surface properties, leading to positive or negative effects on the corrosion properties of the surface. The segregation of Cr to the surface of the alloy plays a major role in controlling many key properties, including corrosion resistance. For example, it was reported that the surface segregation of chromium can affect the formation of an oxide film on the surface [37] . Thus, we first considered the segregation behavior of Cr in the γ-Fe(111) surface. According to simple thermodynamic considerations, the surface should be enriched by a component with lower surface energy. The empirical surface energies were obtained by extrapolating the results for liquid-metal surface tension to zero temperature, and were found for the (110) surface to be higher for Fe than for Cr: 2.41 and 2.35 J/m 2 [38] , respectively, suggesting Cr segregation. This is in agreement with the results of our first-principles calculations, which show that the energy of a (111) surface is a little bit higher for Fe than for Cr: 3.42 and 3.20 J/m 2 , respectively. Besides, the tendency of an alloying atom to segregate to or away from a surface should be dictated by its segregation energy (SE), which can be calculated using the following relation [39] :
where E bulk (nCr) is the total energy of the supercell, which contains n Cr atoms in the bulk, and E surf ith (nCr) is the total energy of the slab with n Cr atoms moved to the ith surface or subsurface layer. A negative/positive E seg means that Cr does/does not segregate to the surface. Here, it should be noted that we calculated the SE in order to determine the final Fig. 1 a- state or the likely distributions of elements throughout the surface, not to explore the diffusion process in great detail. The calculated segregation energies are displayed in Fig. 2 as a function of layer depth. For all Cr-doped surfaces, the SE changes nonmonotonically as the surface depth increases; segregation energies in the third layer are much larger than those in the other surface layers, and are positive (they are negative in all the other layers). The SE is lower in a subsurface (second) layer containing one or two Cr atoms than in a surface (first) layer containing one or two Cr atoms, indicating that configurations with Cr atoms in the subsurface are preferred when there are only one or two Cr atoms in the computational cell. However, for higher bulk Cr concentrations, i.e., three and four Cr atoms, the SE is found to be the lowest when the Cr atoms are in the topmost (surface) layer, with an especially high energy barrier observed at the third layer. This result implies the creation of Cr-enriched surfaces, demonstrating that Cr will segregate to the surface as its concentration increases even though a higher temperature is needed for this segregation to occur. This phenomenon was also found to take place in bcc Fe, as also reported previously [39, 40] . The surface segregation of Cr has been confirmed in experiments involving in situ heating at 973 K under an ultrahigh vacuum [37] and the application of conversion electron Mössbauer spectroscopy (CEMS) [41] .
Cr-N/C co-doped surface
We also calculated the synergistic effect of the dopants and Fe(111) for an optimized Cr-doped γ-Fe-(111) surface containing interstitial impurities. In order to identify the optimal geometry of a surface doped only with interstitial impurities, we minimized the total energy. Shifts in the total energies of slabs containing a single interstitial atom at different sites (Oct, Te1, and Te2) between every pair of neighboring layers with respect to a slab containing an interstitial atom at the Oct site in the bulk (between the fifth and sixth layers) were calculated by the formula
where E slab M, surf and E bulk Oct are the total energies of the slabs with one impurity atom (N or C) at different interstitial sites and at the Oct site in the bulk, respectively. A negative/positive ΔE tot means that the impurity atom does/does not prefer to stay at the corresponding interstitial site compared to its position in the bulk. The calculated total energy shifts are displayed in Fig. 3 as a function of layer depth. In N-doped surfaces, the total energies obtained with different interstitial sites decrease in the order Tet > Oct. In C-doped surfaces, the Tet sites are unstable, so the interstitial C atom will spontaneously migrate from a Tet site to the nearest Oct site. It was found that it is thermodynamically favorable for both N and C to stay at the octahedral site between the second and third layers (i.e., at a near-surface position), as this configuration yields the lowest energy. Based on the resulting models, we investigated the effects of interstitial N and C atoms on the properties of the Cr-doped γ-Fe(111) surface.
We now consider surfaces that are co-doped with Cr and interstitial atoms (N and C). The impact of a single N or C atom at the Oct site between the second and third layers on Cr segregation was investigated by calculating the segregation energy of Cr via Eq. 1, using a supercell containing an interstitial atom. The calculated segregation energies are displayed in Fig. 4 as a function of layer depth.
As we can see, the SE for Cr shows very different trends for the systems with and without an interstitial N or C impurity, indicating that the presence of an interstitial atom affects the surface segregation behavior of Cr. The presence of either an interstitial N or C impurity results in a positive SE value for Cr at the surface and the minimum SE value at the subsurface, regardless of the concentration of Cr. This result obviously suggests that introducing N or C changes the segregation behavior of Cr from surface segregation to near-surface (subsurface) segregation, and this change is not influenced by the Cr concentration. In an N-doped surface, the energy cost of Cr segregation to the subsurface is lower than that in the pure Fe surface case, and even becomes negative, meaning that the introduction of an N interstitial impurity facilitates Cr segregation and can improve the protection provided by the film on the surface by promoting Cr diffusion to the surface. However, Cr segregation is less favored in the C-doped case, as there is a much higher energy cost of segregation to the third layer in this case (0.33 eV) than for a pure Fe surface (0.1 eV), suggesting that the introduction of a C interstitial impurity means that a much higher temperature is required for the segregation of Cr.
Geometric structure and charge properties
The electronic distributions and the bond strengths of the Crdoped surfaces were modified by the introduction of interstitial N and C impurities, leading to changes in the corrosion properties of the surfaces. Thus, it was necessary to investigate the electronic structures and bonding characteristics of the codoped surfaces. Therefore, we used Mulliken population analysis and the surface geometries between Cr and the interstitial atom to investigate the effects of N and C on the surface as well as the interaction between them. As shown in Fig. 5 , by reviewing the changes in the charges on Cr and C in Cr-C codoped surfaces (Fig. 5b) , we can see that increasing the number of Cr atoms led to more positively charged Cr atoms (Cr co ) and more negatively charged C atoms. The Cr-C bond also shortened. All of these phenomena indicate that the interaction between C and Cr strengthens as Cr concentration increases. In N-doped surfaces (Fig. 5a) , however, N is most negatively charged and the Cr-N bond distance is shortest for the 2Cr-N co-doped surface, implying that the Cr-N interaction is strongest for this system. These results suggest that the 2Cr-N codoped surface should be investigated more deeply.
Electrode potential shift
Experiments have shown that most steels undergo dissolution corrosion at low oxygen contents (especially <1 × 10 −8 wt%)
and oxidation corrosion at high oxygen concentrations (>1 x 10 −6 wt%). In our work, we also considered the effects N and C interstitials have on the Cr-doped surface in more depth from an electrochemistry perspective, by calculating the electrode potential. Inserting N and C interstitials will cause the surface potential to change, impacting the electrode potential of the system [42] . To study how the presence of interstitial N and C atoms and small nitride and carbide precipitates affects Fe(111) surface dissolution corrosion, the electrode potential shifts ΔU of the Fe-M (M = Cr, N, C) alloy surfaces with respect to the electrode potential of the pure fcc Fe surface for the reaction Fe 2+ +2e − =Fe were calculated using the formula
in which U Fe−M and U Fe are the electrode potentials of the Fe atoms in Fe-M and in the pure fcc Fe(111) surface relative to the standard hydrogen electrode, respectively. The electrode potential can be calculated as follows [43] [44] [45] [46] :
where E slab and E slab ′ are the total energies of the slab with and without a Fe atom removed from the slab, respectively. μ is the chemical potential of an Fe atom in the slab, which can be evaluated approximately by calculating the total difference in energy between the optimized original slab and the new slab with a vacancy. In our calculations, Fe atoms in the same layer were removed from the slab (see Fig. 1c ). As we varied which Fe atom was removed (from the edge midpoint and vertices), the values of U were observed to be rather small, because the distance between the removed Fe atom and the dopants increases. However, the electrode potential shift (ΔU) values remained consistent for all co-doped surfaces. Therefore, we only need to guarantee that an Fe atom from a particular layer is removed, as our aim is to simulate the process of Fe dissolution. Namely, the results are independent of the choice of Fe atom to remove. According to this approach, a positive/ negative electrode potential shift ΔU indicates a rise/drop in the electrode potential of the Fe-M surface relative to that of the pure Fe surface; we can therefore conclude that adding an alloying element M increases or decreases the ability of the surface to resist electrochemical corrosion. As shown in Fig. 6 , the electrode potential shift (ΔU) values are positive for surfaces doped with a single N or C (0.16 V) and for those that are only doped with Cr (0.24 V, 0.15 V, 0.07 V, 0.01 V for 1Cr, 2Cr, 3Cr, 4Cr, respectively), indicating that the presence of N, C, and Cr in solid solution can improve γ-Fe(111) surface dissolution corrosion resistance by suppressing the exit of Fe atoms from the surface, and because doped surfaces are more difficult to electrochemically corrode than a pure Fe surface. Note that the ΔU values of surfaces doped only with Cr decrease with increasing concentration, in contrast to our belief that corrosion resistance improves with increasing concentration of Cr. This result can be ascribed to the models we have used, in which Cr atoms were inserted at the subsurface via substitution, meaning that surface Fe atoms were separated from the substrate by Cr, leading to more Cr atoms in the subsurface and making it easier for Fe atoms to leave the surface. For co-doped surfaces, ΔU values are lower than those for surfaces doped with a single species, but they remain positive except in the cases of 2Cr-N (−0.12 V) and 4Cr-C (−0.45 V). This means that Cr-N or Cr-C co-doping diminishes the beneficial effect of either Cr, N, or C doping on the capacity of the surface to protect Fe atoms from dissolution; indeed, in the cases of 2Cr-N and 4Cr-C, co-doping will actually lead to greater surface erosion. Among the Cr-N co-doped surfaces, the ΔU values of surfaces co-doped with N and 3 or 4 Cr atoms are higher than those of surfaces doped with only 3 or 4 Cr atoms, suggesting that a single N atom can combine with up to two Cr atoms and that these co-doped surfaces may contain Cr nitride precipitates and fewer Cr atoms in solid solution. In the Cr-C co-doped surfaces, a single C atom can combine with up to 4 Cr atoms, resulting in lower ΔU values for all co-doped surfaces and a severe loss of corrosion resistance when C is combined with 4 Cr atoms.
Based on the above analyses, we can safely conclude that, in solid solution, Cr, N, or C can individually greatly improve the corrosion resistance of the surface. However, combinations of C or N with Cr, especially in 2Cr-N and 4Cr-C codoped surfaces, degrade the corrosion properties of the surface-an observation that agrees well with results of previous investigations [47] [48] [49] 11] . Cr nitrides and carbides may precipitate near the surface, leading to a Cr-depleted zone below the surface, which should be studied in more depth from the perspective of its electronic properties.
Density of states analysis
According to the Fermi-Dirac distribution function, the higher the Fermi energy E f , the lower the electrochemical stability. The Fermi level is located at 0 eV for all of the data. A comparison of the results of density of states (DOS) and partial DOS (PDOS) analysis for the different doped surfaces mentioned above is shown in Fig. 7 . The DOS curves for all codoped surfaces are shown in Fig. 7a, b , while the DOS curves for surfaces doped only with N or C are also plotted for comparison. The DOS analysis suggests that co-doping usually leads to a reduced E f in comparison to single-species doping, except for the 2Cr-N and 4Cr-C co-doped surfaces, for which the E f values are significantly higher than those for singlespecies-doped surfaces. This result indicates that the introduction of either Cr, N, or C enhances the structural stability of the surface and protects it from being corroded, whereas 2Cr-N or 4Cr-C co-doping destabilizes the structure of the surface and degrades the surface corrosion resistance. We also found that E f is lower for a C-doped surface (24.8 electrons/eV) than an Ndoped surface (34.1 electrons/eV), suggesting that doping with C leads to greater corrosion protection than doping with N.
To further examine the electronic structures of the two special co-doped surfaces 2Cr-N and 4Cr-C, we then focused on the partial density of electronic states (PDOS). This was achieved by decomposing the total density of the singleparticle Kohn-Sham eigenstates into contributions from each angular momentum channel of the constituent atoms inside the muffin-tin sphere. In Fig. 7c, d , we can see that the combinations 2Cr-N and 4Cr-C are metallic from the finite DOS at the Fermi level. For both the 2Cr-N and 4Cr-C co-doped surfaces, the DOS can be divided into four main regions: (i) s-p and s-s hybridization regions from N 2s and Cr 3p and from C 2s and Cr 4s for the 2Cr-N and 4Cr-C co-doped surfaces, respectively; (ii) p-d hybridization regions from N/C 2p and Cr 3d, indicating covalent bonding between Cr and interstitial N and C atoms; (iii) d-d bonding states originating from Cr 3d and Fe 3d electrons; (iv) antibonding states above the Fermi level. Hybridization between N or C 2p and Cr 3d electrons plays an important role in the stability of the 2Cr-N combination and that of 4Cr-C. Also, the p-d bond energies are lower for the 4Cr-C co-doped surface (about −6.6 eV) than for the 2Cr-N codoped surface (about −8.0 eV), implying that the 4Cr-C combination is more stable than 2Cr-N. This suggests that a C atom can more strongly combine with more Cr atoms than an N atom can, leading to substantial weakening of the ability of each dopant species to improve surface corrosion resistance, which can explain why the electrode potential of the 4Cr-C doped surface is lower than that of the 2Cr-N doped surface in Fig. 6 . Finally, based on the discussions above, we speculate that the precipitation of Cr nitrides Cr 2 N and carbides Cr 23 C 6 occurs near to these two special co-doped surfaces, resulting in a Cr-depleted zone and leading to a sudden decrease in pitting corrosion resistance. Also, from the results shown in Fig. 4 , Cr 2 N may precipitate more easily than Cr 23 C 6 near the surface due to the lower energy cost of Cr segregation. 
Conclusions
In summary, a plane-wave pseudopotential-based DFT method was employed to study the effects of interstitial N and C impurities on the corrosion properties of γ-Fe(111) surfaces doped, or not, with Cr. Our first-principles calculations showed that, in the absence of interstitial atoms, Cr atoms can become trapped in the topmost layer of the Fe surface as the Cr concentration increases. Generally, when in solid solution, introducing either Cr, N, or C as a dopant can improve the corrosion resistance of the surface. However, the introduction of interstitial N or C atoms along with Cr causes the Cr atoms to tend to segregate towards the subsurface, where N and C prefer to reside. This results in the Cr combining with interstitial atoms, especially in 2Cr-N and 4Cr-C co-doped surfaces, leading to a weakening of the surface corrosion resistance. Based on the special results obtained for 2Cr-N and 4Cr-C co-doped surfaces, we speculate that Cr 2 N and Cr 23 C 6 form near these surfaces. When they are bound to interstitial N and C atoms, the Cr atoms cannot participate in the formation of a passivating oxide layer, meaning that the corrosion resistance of the co-doped surface inevitably decreases. Analysis of the DOS further demonstrated that interactions between Cr atoms and interstitial N or C atoms weakens the corrosion resistance of surfaces co-doped with them.
